Background {#Sec1}
==========

Most studies on the helminths parasitizing African elephants have in the past focused on helminth taxonomy and more recently on within population infection dynamics \[[@CR1]--[@CR4]\], but no studies have simultaneously examined inter-population and intra-population infection dynamics and their drivers. The most common helminths infecting African elephants are nematodes and trematodes; two groups of helminths that have environmentally dependent transmission mechanisms. Species of *Murshidia*, *Quilonia* and *Khalilia* are the most common nematodes infecting African elephants \[[@CR5]\]. The free-living environmental stages of gastrointestinal nematodes are strongly affected by climate, e.g. extreme temperatures are detrimental to their development and survival. Moisture is needed for the development and transition of larvae from soil to pasture and so rainfall and vegetation may be limiting factors on transmission and may influence patterns of inter-population variability in infection patterns \[[@CR6]\]. Some studies in Africa have found a significant positive correlation between mean annual precipitation (rainfall and relative humidity) and nematode infection rates \[[@CR6]--[@CR8]\]. Furthermore, some studies have also found associations between precipitation and certain qualitative measurements of egg burden (mean nematode species richness, mean number of nematode worms and infection intensity per individual host) \[[@CR9]--[@CR11]\].

Several species of trematodes are known to infect elephants \[[@CR12]\] and some are associated with pathological lesions in starving animals \[[@CR12], [@CR13]\]. Trematodes of the family Fasciolidae usually have a complex life-cycle that involves a vertebrate host, in which they reproduce sexually, and an intermediate snail host, in which asexual reproduction occurs. The transmission of trematodes is largely driven by the presence of water and snails, suggesting that water availability and precipitation are important factors in their life histories \[[@CR14]\]. Given the association between climatic factors and the propagation and transmission of both nematodes and trematodes, we used a normalized difference vegetation index (NDVI) since it is generally strongly correlated with climatic parameters (precipitation and temperature) and soil moisture content. These factors directly or indirectly influence host-parasite relationships and the propagation of environmentally transmitted helminths and may be important driver of between population variation in infection patterns.

The African elephant utilizes a wide range of habitats and lives in socially structured contact networks. Within elephant populations, individual animals live in structured groups that exhibit fission-fusion dynamics varying between sex-age groups \[[@CR15]--[@CR18]\]. Females and their offspring form fusion-fission matriarchal social groups where adult females and their calves live in stable units that coalesce with other similar cow-calf groups to create family and bond groups, thereby allowing adult females to form a nested or hierarchical social structure \[[@CR15]\]. Males, on the other hand, form fluid social groups of mixed or similarly aged males in bachelor groups that have periodical contact with matriarchal groups when searching for mating opportunities \[[@CR16]\]. Due to these more fluid social dynamics and greater mobility, males rove more widely than females \[[@CR19]\] and adult males have larger home ranges than the immature males that still form part of the family groups \[[@CR20]--[@CR22]\].

The aims of this study were to examine helminth infection patterns between and within the most important elephant populations in Kenya found in a number of different agro-ecological zones, and to test the importance of influence of age, social structure and NDVI as drivers of these infection patterns.

Methods {#Sec2}
=======

Study area {#Sec3}
----------

The study was carried out in Tsavo East National Park, Laikipia-Samburu Ecosystem, Maasai Mara National Reserve and Amboseli National Park (Fig. [1](#Fig1){ref-type="fig"}), the four conservation areas that hold the largest elephant populations in Kenya. These populations remain separate and do not mix.Fig. 1Map of Kenya showing the locations of the four major elephant populations in Kenya

Tsavo East National Park (TENP) is situated in south-east of Kenya and enjoys a semi-arid savannah climate with a bimodal annual rainfall pattern. Heavy rains occur in April-May, while light rains fall in November-December. Overall, rainfall is erratic and low, with an annual average of 300--600 mm. This area holds 7727 elephants according to the 2018 large mammal census conducted by the Kenya Wildlife Service. Laikipia-Samburu Ecosystem (LSE) is in central Kenya and is covered by arid savannah grassland with annual rainfall of 300--700 mm. Rainfall is bimodal and falls in April-May and November-December. The Laikipia-Samburu Ecosystem hosts an elephant population estimated at 7166 during the 2017 large mammal census carried out by Kenya Wildlife Service. The Maasai Mara National Reserve (MMNR) is located in southern Kenya close to the border between Kenya and Tanzania, where it is contiguous with the Serengeti. Overall, this area consists of a large expanse of savannah grassland with annual rainfall ranging from 650 mm in the south-east to about 1300 mm in the north-west. Most rain falls in March-May, although some also falls in October-November. The 2017 large mammal census reported 2493 elephants in this national reserve. Lastly, Amboseli National Park (ANP) is located at the base of Mount Kilimanjaro in southern Kenya. It holds 2127 elephants according to the 2018 large mammal census report by the Kenya Wildlife Service. It consists mostly of arid dry savannah open grassland land, mixed with patches of scrub and *Acacia xanthophloea* woodland. Average annual rainfall is 340 mm with an annual range of 141--757 mm (<https://amboselibaboons.nd.edu/downloads/>). A network of marshes fed by underground water originating as snow melt from Mount Kilimanjaro provides a permanent water supply.

Faecal sampling {#Sec4}
---------------

Faecal sampling was carried out in February-November 2017 using a cross-sectional study design. Individuals in a social family herd, male bachelor herds and lone bulls were tracked until they defecated. From each animal defecation, a fresh dung bolus was carefully opened and approximately 20 g of the dung were scooped out and preserved in 10% formalin. The following information was recorded for each sample: age of the individual animal (adult, subadult or juvenile), sex, date of collection, GPS coordinates at the time of sighting, and type of social group (whether part of a female or male social group). A female social group was defined as a group consisting of females and their offspring and occasional males, whereas a male social group was taken to be as a solitary male or a group of two or more males seen in proximity at the time of observation. A total of 243 faecal samples, 71 from independent male groups or solitary males and 172 from family social groups, were collected in the four study areas. Totals of 62 family groups were sampled in MMNR, 37 in TENP, 27 in ANP and 19 in LSE, while 19 male social groups were sampled in MMNR, 22 in TENP, 16 in ANP and 14 in LSE.

Coprological analyses {#Sec5}
---------------------

### Sedimentation technique {#Sec6}

A method described by VanderWaal et al. \[[@CR23]\] with a slightly modified procedure was applied. Approximately 4 g of dung was weighed, mixed with 45 ml of tap water in a 50 ml centrifuge tube, and stirred until the mixture became a slurry. The dung slurry was then sieved and left to stand for 30 min. Decanting and re-suspension of the sediment was repeated 2--3 times until the suspension cleared. A dropping pipette was used to place \~ 0.05 ml of the sediment on a glass slide for examination under a Leica DM500 microscope. The presence of nematode and trematode eggs was assessed and micrographs of at least 10 eggs of different morphotypes were taken. Measurements of eggs (length and width) were taken from the photomicrographs using Leica LAS EZ software (Leica Microsystems GmbH, Wetzlar, Germany).

### Flotation technique {#Sec7}

Faecal samples were thoroughly homogenized with a stirring stick so that parasite eggs would be uniformly distributed throughout the sample. Initially, a faecal floatation fluid with specific gravity of 1.27 was prepared. Briefly, 454 g of table sugar was weighed and mixed with 355 ml of distilled water. The mixture was heated over low heat whilst being stirred until all the sugar had dissolved. The sugar solution was left to cool before use as the floatation fluid. Faecal samples were homogenized (as in the sedimentation technique) and prepared by weighing approximately 4 g of the elephant dung. The sample was mixed with 12 ml tap water, stirred and sieved through a tea strainer, before being transferred to a 15 ml plastic centrifuge tube. If the filtrate was less than 15 ml, it was topped up with tap water and the tube capped. It was then centrifuged at 1500× *rpm* for 10 min. The supernatant was decanted out and the sediment re-suspended using the flotation fluid to fill up half the test tube. The sediment was mixed thoroughly with the flotation fluid using a stirring stick. The tube was then filled to the top with more flotation fluid until a slight bulging meniscus formed. A coverslip was gently placed on the centre of the top of the tube. The tubes were then centrifuged for 10 min at 1500× *rpm*. After centrifugation, the coverslip was gently removed and placed directly onto a clean glass slide for examination under the microscope. Helminth eggs were qualitatively assessed. Photomicrographs of at least 10 eggs of different morphotypes were taken and processed as described in the sedimentation section.

### McMaster technique {#Sec8}

The helminth eggs were counted using a quantitative technique based on a calibrated McMaster chamber. Egg counts give an estimate of the number of eggs per gram (epg) in the faecal sample. The faecal sample was prepared as described for the floatation technique. A pipette was used to transfer the mixture to each of the two chambers of the McMaster slide. The preparation on the slide was left to settle for at least 5 min and then examined under the microscope. The eggs present in each chamber were counted. The total count for the slide was multiplied by a constant (50) to give the number of eggs per gram.

Normalized difference vegetation index (NDVI) analysis {#Sec9}
------------------------------------------------------

NDVI is a measure of reflectance and absorbance of the light spectra by vegetation and depends on the phenology and density of the vegetation being tested. Green vegetation reflects mostly green and near-infrared light spectra and absorbs red and blue light spectra and is often used as an index of productivity as it is correlated to plant phenology and nitrogen content. Overall, NDVI is strongly influenced by climatic parameters such as precipitation and temperature, and by soil moisture. These factors directly or indirectly influence host-parasite relationships and the transmission of environmentally transmitted helminths.

NDVI data were taken from satellite images obtained from a Landsat 8 satellite using the Operational Land Imager and Thermal Infrared Sensors for data capture. Satellite images of 30 m resolution were retrieved from the Libra development seed website (<https://developmentseed.org/projects/libra/>). Shape files of the four study areas were obtained from the Kenya Wildlife Service and were used to resize the relevant satellite images. The Amboseli satellite images were downloaded from 168 path and 062 row in April-November 2017; images for Maasai Mara were downloaded from 169 path and 061 row in December 2016 and January-March 2017; images for Laikipia-Samburu were downloaded from 168 path and 060 row in April-August 2017; and images for Tsavo East were downloaded from 167 path 062 row and from 163 path and 062 row in October-December 2016 and January-March 2017. These periods coincided with the sampling months and the three months prior to sampling. The Tsavo East satellites images were mosaicked into a single image using Q GIS software (Creative Commons, Mountain View, USA).

Selected satellite images were pre-processed using Q GIS to remove both radiometric and geometrical errors. The corrected images were used to generate the normalized difference vegetation index (NDVI) at a resolution of 250 × 250 m from 100 randomly selected points in each protected area. The final NDVI was calculated using the equation: NDVI = (NIR − RED)/(NIR + RED), where NIR represents the near-infrared electromagnetic ray and RED the visible red ray. Given that NDVI is a standardized method used to evaluate the health status of vegetation by quantifying the difference between the near-infrared electromagnetic ray (which vegetation strongly reflects) and the visible red light (which vegetation absorbs), the formula generates values between − 1 and + 1: negative values indicate the presence of water, while values close to 0 indicate bare soils; values between 0.1 and 0.5 indicate low-to-medium vegetation density cover, while values between 0.5 to + 1 indicate high vegetation density. To generate the NDVI raster, the calculator tool in Q GIS was used. As well, random points were generated within the study area, for which the NDVI values were extracted. This was done because there was an assumption that elephants move within their habitats. The NDVI values generated for the random points were compared to the actual sampled elephant locations for both the families and males recorded in the field.

Statistical analyses {#Sec10}
--------------------

Assigning eggs of strongylid nematodes into taxonomic classes using measurements is a challenge as there is some degree of overlap in the dimensions of the eggs of these taxa. Moreover, when the measurements are multidimensional, discordance in measurements taken in a one dimension can lead to biases when assigning eggs to genera. However, by using model-based clustering, these problems can be overcome as information on the variation in the densities of the measurements across the taxa and the covariance of the different measurements is used to minimize the assignment bias. We employed an unsupervised multivariate cluster model using Gaussian finite mixture analysis to group nematode and trematode eggs into operational taxonomic units (OTUs) using egg measurements. The Gaussian finite mixture model (GMM), assumes that the measurements of helminth eggs taken from each taxon (species or genus) will follow a normal distribution resulting in a (multivariate) Gaussian distribution; each taxonomic component will form a cluster of unique density, centred at the mean vector, and with other geometric features such as volume, shape and orientation of the measurements determined by the covariance matrix. The volume, shape and orientation of the covariance's can be constrained to be equal or variable across groups, giving rise to 14 possible models characterized by unique geometric characteristics \[[@CR24]\]. The most parsimonious parameterisation of the covariance matrix is obtained using eigen-decomposition. The Gaussian finite mixture clustering process provides a model estimate for the data that allows for overlapping clusters and produces a probabilistic clustering that quantifies the uncertainty of observations belonging to the components of the mixture. The unsupervised GMM was performed using the *mclust* package \[[@CR24]\] of the R statistical software \[[@CR25]\]. The OTUs of the nematode and trematode eggs were assigned to taxonomic classes of helminth eggs based on mean length and width measurements taken from published records (Additional file [1](#MOESM1){ref-type="media"}: Table S1). We present here the data at the generic rather than the species level due to the variability in helminth egg sizes reported in previous studies.

To test our hypotheses, we conducted both bivariate and multivariate analyses to evaluate whether the variation in the dependent covariates such as helminth prevalence and helminth epg are influenced by independent covariates such as NDVI and sociality in the presence of unbalanced data. Any discordance in bivariate and multivariate models suggests that imbalance in data is causing spurious partial covariate effects. Using bivariate analyses and Friedman and Kruskal-Wallis tests, we tested for differences in epg between populations. We conducted multivariate analyses using Poisson and negative binomial generalized linear models (GLM) including hurdle and simple count models. The best model was selected based on parsimony criteria using Akaike information criteria (AIC). To examine the influence of social group type, NDVI and age on epg, we used the negative binomial hurdle GLM with the glmmTMB package \[[@CR26]\] in the R statistical software \[[@CR25]\].

Results {#Sec11}
=======

The best Gaussian finite mixture cluster model for trematodes was one with two components characterized by ellipsoidal, equal volume, shape and orientation (EE2) (Fig. [2](#Fig2){ref-type="fig"}). This model revealed that elephant populations in Kenya were infected by trematodes that can be characterized by two OTUs. Based on published egg dimensions of trematodes infecting African elephants, we found that trematode OTU1 had mean egg lengths and widths that were similar to those for *Protofasciola robusta*, while OTU2 had egg dimensions that were similar to *Brumptia bicaudata* (Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}; Table [1](#Tab1){ref-type="table"}, Additional file [1](#MOESM1){ref-type="media"}: Table S1). For nematodes, the best supported model based on BIC consisted of five diagonal components with equal shape \[[@CR27]\] indicating the presence of five OTUs (Fig. [2](#Fig2){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}, Additional file [1](#MOESM1){ref-type="media"}: Table S1): one group putatively belongs to the genus *Murshidia* (OTU1) with similar egg measurements to *Murshidia dawoodi*; three groups belong to the genus *Quilonia* (OTU2, OTU3 and OTU4) (Fig. [3](#Fig3){ref-type="fig"}), with egg measurements very similar to those of *Quilonia apiensis* (OTU2), *Q. africana* (OTU3) and *Q. magna* (OTU4). Finally, OTU5 had large egg measurements went beyond the range for the genus *Quilonia* but were similar to those recorded for *Mammomonogamus loxodontis* (Table [1](#Tab1){ref-type="table"}, Additional file [1](#MOESM1){ref-type="media"}: Table S1).Fig. 2Model-based classification into operational taxonomic groups of elephants' **a** trematode and **b** Strongylidae (nematode) eggs. Trematodes are classified into two (OTU1, blue; OTU2, red) and nematodes into five (OTU1, green; OTU2, orange; OTU3, purple; OTU4, red; and OTU5, blue) operational taxonomic unitsFig. 3Photomicrographs of eggs of nematodes and trematodes of five genera. **a***Murshidia* (69 *×* 37 µm). **b**, **c** Different egg sizes of *Quilonia*: 96 × 57 µm (**b**) and 84 × 52 µm (**c**). **d***Mammomonogamus* (101 × 59 µm). **e***Protofasciola* (90 × 49 µm). **f***Brumptia* (115 × 59 µm)*. Scale-bars*: 50 µmTable 1Results of unsupervised classification of trematode and nematode eggs into operational taxonomic units (OTUs)OTUsMean ± SDPercentile (2.5--97.5%)Range*n*Length (µm)Width (µm)Length (µm)Width (µm)Length (µm)Width (µm)Trematode OTUs OTU190 ± 748 ± 376--10143--5272--10341--5376 OTU2113 ± 761 ± 398--12256--6893--12255--6936Nematode OTUs OTU167 ± 439 ± 358--7434--4450--7830--47492 OTU283 ± 549 ± 372--9443--5766--10032--59452 OTU376 ± 343 ± 270--8238--4867--8535--49556 OTU494 ± 455 ± 387--10250--6185--10548--62441 OTU5105 ± 662 ± 590--11751--7183--12846--76125*Abbreviation*: SD, standard deviation

The prevalence of infection determined from sedimentation was 97.5%, whereas the prevalence obtained from floatation was 92.6%; this difference, however, was not statistically significant (*χ*~(1,\ *n* = 243)~^2^ = 0.769, *P* = 0.366; Table [2](#Tab2){ref-type="table"}). Therefore, all analyses of the prevalence were based on results obtained using the sedimentation technique. The prevalence of helminth infection determined using sedimentation varied between populations and was statistically significant (*χ*~(3,\ *n* = 243)~^2^ = 8.972, *P* = 0.030); however, there was no association between prevalence and elephant social group (male social groups *vs* female social groups, *χ*~(1,\ *n* = 243)~^2^ = 0.461, *P* = 0.497). The prevalence of nematodes was 96.3% (95% CI: 93.09--98.29%) and was significantly higher than that of trematodes, which was 39.1% (95% CI: 32.92--45.54%; *χ*~(1,\ *n* = 243)~^2^ = 179.18, *P* \< 0.001). There was no significant influence of either social group (*χ*~(1,\ *n* = 243)~^2^ = 1.952, *P* = 0.162) or sampling location (*χ*~(3,\ *n* = 243)~^2^ = 5.956, *P* = 0.114) on nematode prevalence (Table [3](#Tab3){ref-type="table"}). By contrast, trematode prevalence was significantly influenced by the location and elephant population (*χ*~(3,\ *n* = 243)~^2^ = 53.13, *P* \< 0.001, Table [2](#Tab2){ref-type="table"}) but not by social group (*χ*~(1,\ *n* = 243)~^2^ = 0.254, *P* = 0.614; Table [3](#Tab3){ref-type="table"}).Table 2Variation in the prevalence of helminths in elephant populations and social groups in Kenya estimated using sedimentation and floatation methodsElephant population*n*FloatationSedimentationMale social group Amboseli168894 Laikipia-Samburu1486100 Maasai Mara19100100 Tsavo East228691 Total719096Family social group Amboseli279396 Laikipia-Samburu4698100 Maasai Mara62100100 Tsavo East377895 Total1729498Male and family social groups combined Amboseli439195 Laikipia-Samburu6095100 Maasai Mara81100100 Tsavo East598193 Total2439398Table 3Prevalence of nematodes and trematodes in male and family social groups in different populations estimated using the faecal sedimentation methodElephant population*n*Trematodes (%)Nematodes (%)Male social group Amboseli164494 Laikipia-Samburu147993 Maasai Mara1942100 Tsavo East221886 Total714293Family social group Amboseli274196 Laikipia-Samburu4676100 Maasai Mara621998 Tsavo East371995 Total1723898Male and family social group combined Total2433996

The quantitative analysis using the McMaster technique revealed that the mean epg varied within elephant populations and between elephant social groups. Bivariate analyses revealed that elephants sampled in family groups had significantly higher median epg than solitary males and/or males in bachelor groups when controlling for epg variation across sampling locations or elephant populations (Friedman *χ*~(1,\ *n* = 243)~^2^ = 4, *P* = 0.046; Fig. [4](#Fig4){ref-type="fig"}). Elephant family groups in the four elephant populations showed significant differences in mean epg (Kruskal-Wallis *χ*~(3,\ *n* = 243)~^2^ = 40.942, *P* \< 0.001; Fig. [4](#Fig4){ref-type="fig"}). Similarly, male groups from various elephant populations differed in their mean epg (Kruskal-Wallis *χ*~(3,\ *n* = 243)~^2^ = 9.38, *P* = 0.025; Fig. [4](#Fig4){ref-type="fig"}). Young males in mixed sex family groups had a lower epg than that of females (Table [4](#Tab4){ref-type="table"}) when controlling for population or age; however, the differences were not statistically significant (population: Friedman *χ*~(1,\ *n* = 243)~^2^ = 1, *P* = 0.317; age: Friedman *χ*~(1,\ *n* = 243)~^2^ = 2, *P* = 0.157).Fig. 4Mean egg burden (epg faeces) of helminths for each social group in the studied Kenyan elephant populationsTable 4Mean helminth burden (epg faeces) for each sex and type of social group in Kenyan elephant populationsSex and social group*n*Mean ± SDMedianAmboseli elephants Females in a family social group19202.63 ± 318.6250 Males in a family social group7121.43 ± 236.0450 Males in a male social group16106.25 ± 125.0075Laikipia-Samburu elephants Females in a family social group35320.00 ± 418.89200 Males in a family social group4275.00 ± 332.92175 Males in a male social group14171.43 ± 272.2550Maasai Mara elephants Females in a family social group46145.65 ± 204.62100 Males in a family social group8200.00 ± 276.46100 Males in a male social group1989.47 ± 132.8950Tsavo East elephants Females in a family social group2536.00 ± 66.960 Males in a family social group1000 Males in a male social group2222.73 ± 45.580

The normalized difference vegetation index (NDVI) was generally very low in the areas occupied by the study populations. The average NDVI over a three-month period varied between the four study locations and these differences were statistically significant (Kruskal-Wallis; *χ*~(3,\ *n* = 243)~^2^ = 9.18, *P* = 0.027). The lowest three-month mean NDVIs were recorded in Amboseli (mean ± standard deviation, 0.091 ± 0.002) and Tsavo East (0.118 ± 0.006) but were relatively higher in Laikipia-Samburu (0.16 ± 0.013) and Maasai Mara (0.239).

The most parsimonious multivariate model for variation in helminth epg was a hurdle GLM with a negative binomial distribution. This model indicated that the variation in non-zero positive counts of epg were driven by three-month cumulative mean NDVIs, social group type and elephant population, and sampling location (Table [5](#Tab5){ref-type="table"}). We observed a positive association between mean epg and the three-month cumulative mean NDVI (Fig. [5](#Fig5){ref-type="fig"}). Among elephant social groups, female social groups had a higher mean epg than male social groups (Fig. [5](#Fig5){ref-type="fig"}). Among elephant populations or protected areas, the elephant populations in Samburu-Laikipia had a significantly higher epg than in Amboseli, while in Tsavo elephants had a significantly lower epg than in Amboseli (Fig. [6](#Fig6){ref-type="fig"}). However, Maasai Mara elephants showed no differences in their epg from Amboseli. In the binomial part of the model, which shows the presence or absence of a detectable epg, location and age and, to a lesser extent, NDVI all had a significant influence on detectable helminth infection. Laikipia-Samburu elephants had higher helminth prevalence than Amboseli elephants, whereas the elephants from Maasai Mara and Tsavo East had prevalence that were similar to Amboseli (Table [5](#Tab5){ref-type="table"}). Adult elephants had a higher detectable epg than sub-adults and juveniles combined.Table 5A multivariate hurdle GLM showing important factors explaining variations in epg between Kenyan elephant populationsCovariateEstimateSE*Z*-value*P*-valueCount model coefficients (truncated negbin with log link) Intercept3.090.923.350.001 3-month mean NDVI24.1810.042.410.016 Sub-adults and Juveniles *vs* Adults0.110.180.630.528 Family social group *vs* male social group0.290.181.680.094 Laikipia-Samburu *vs* Amboseli− 1.430.72− 2.000.046 Maasai Mara *vs* Amboseli− 3.741.50− 2.490.013 Tsavo East *vs* Amboseli− 1.370.40− 3.430.001 Log (theta)0.380.113.410.001Zero hurdle model coefficients (binomial with logit link) Intercept5.272.691.960.050 3-month mean NDVI− 56.5629.46− 1.920.055 Sub-adults and Juveniles *vs* Adults− 0.710.36− 1.960.050 Family social group *vs* male social group0.720.362.010.045 Laikipia-Samburu *vs* Amboseli5.042.212.280.023 Maasai Mara *vs* Amboseli8.564.381.960.051 Tsavo East *vs* Amboseli− 0.250.92− 0.280.783*Abbreviation*: SE, standard errorFig. 5Scatterplot showing the relationship between NDVI and egg burden (epg faeces) for each social group for all elephant populations combinedFig. 6Scatterplot showing the relationship between NDVI and egg burden (epg faeces) for each social group for elephant populations treated separately

Discussion {#Sec12}
==========

The African elephant is a mega herbivore and a keystone species in conservation whose ecological impact on the diversity and survival of habitats and other species is enormous \[[@CR28]\]. Its numbers have continued to dwindle in many parts of its African range where populations are split into separate subpopulations \[[@CR29]\]. As such, subpopulations may suffer different rates of parasite infestation. Here we present the first study to have examined helminth infection patterns in distinct African elephant populations, and the first to have evaluated factors associated with intra- and inter-population variability in prevalence and egg burden (epg). This study used only egg dimensions for helminth identification and the inference of prevalence and load since the obtaining of worms is often invasive or opportunistic. We identified two genera of trematodes, *Protofasciola* and *Brumptia*, and three of nematodes, *Murshidia*, *Mammomonogamus* and *Quilonia* (tribe Quiloninea, subfamily Cyathostominae). Using unsupervised classification of strongylid nematodes, we recovered OTUs that had egg dimensions corresponding to species that are known to occur in East Africa, in particular Kenya. Specifically, we recovered eggs from species including *P. robusta*, *B. bicaudata*, *Murshidia africana*, *Quilonia africana*, *Q. magna* and *Mammomonogamus loxodontis*, which demonstrates that, using information on egg measurements, it is possible to employ model-based clustering to group eggs into taxonomic units matching actual species. This type of model-based classification for nematode eggs has previously been tested with discriminations within the range of 80--95% for sheep nematodes \[[@CR30], [@CR31]\].

Although cluster-based modelling of the dimensions of strongylid-type eggs was used to identify genera and, potentially, species of the Strongylidae, the utility of OTUs detected by model-based clustering depends on the knowledge of egg measurements from species known to infect elephant populations. Such data will help identify any variation within species from different host populations, thereby providing useful information for egg identification through model clustering. A potential handicap with this method is that egg measurements for a single species taken from different host populations seem to vary greatly. The cause of this variation is not clear but could be due to the misidentification of larval nematodes from hatched eggs or to high inherent variance in nematode egg size that varies between host populations. The factors causing variance in egg measurements within species across host populations could hamper matching model based OTUs with known species. Thus, our species identification remains tentative and should not be taken as conclusive; nevertheless, it reveals the potential diversity in helminths that exists both within and between host populations.

The overall prevalence of helminths in elephants was 97.5%. However, this prevalence was characterized by a significantly higher proportion of nematodes (96.3%) than of trematodes (39.1%). In our study, we modified the sedimentation method commonly used for examining trematodes (which involves examining all of the sediment in a Petri dish under a dissecting microscope) \[[@CR3]\]. However, our results were comparable with infection in elephants elsewhere, which suggests that our modifications did not significantly affect the sensitivity of the methodology. For instance, several studies have reported infection patterns in elephants in which nematode prevalence is 2--3 times greater than trematode prevalence. For instance, nematodes in elephant populations in Burkina Faso, West Africa, had an overall prevalence of 97.7% compared to 30.9% for trematodes \[[@CR32]\]. A similar pattern has been observed in Botswana, South Africa, where elephants had a 100% prevalence of nematodes and 26% of trematodes \[[@CR3]\]. This pattern is not restricted to the African elephant as a comparable prevalence of nematodes (92--96%) has been recorded in Asian elephants \[[@CR33]\]. Furthermore, in our analysis, we observed significant inter-population variation in helminth prevalence. This was probably mainly due to trematode prevalence since, unlike nematodes, trematodes require the presence of an intermediate host (a snail) that depends on the presence of a permanent water source. Specifically, elephants from the Laikipia-Samburu ecosystem had the highest trematode prevalence, while elephants from Tsavo East had the lowest. By contrast, Amboseli elephants, that are known to be exposed to permanent water sources \[[@CR34]\], had more moderate trematode prevalence than expected when compared to the Laikipia-Samburu population. The factors that determine trematode prevalence may be linked to the environmental variables influencing the abundance of snails, the intermediate hosts of trematodes \[[@CR35]\]. As expected, the prevalence of trematodes in Amboseli elephants exposed to permanent water was nearly double that of elephants using the seasonally water-logged Okavango delta, where the prevalence of trematodes was 23% \[[@CR3]\].

Mean egg burden was higher in family groups than in male social groups, which contradicts male-biased parasitism known to be associated with both hormonal and behavioural differences often seen in other animals. In cattle, younger animals and males tend to have higher levels of gastrointestinal parasite infection than older and female animals \[[@CR36]\]. In most mammals, males exhibit higher infection rates than females (i.e. humans, ungulates, rodents, bats and birds) \[[@CR27], [@CR37]--[@CR40]\]. The hormone testosterone is associated with immunosuppression in males, leading to greater parasite infection. However, Thurber et al. \[[@CR1]\] found no effect of testosterone on parasite burden in male elephants in musth, individuals expected to have the highest level of testosterone. It is unlikely that testosterone will have more immunosuppressive effects on elephants than on other mammal species \[[@CR3]\]. The higher parasite infection observed in female than in male elephants suggests that elephant social structures have a significant influence on mean egg burden since group-living exposes group members to higher parasite infection risks than individuals with solitary lifestyles or who form transient associations. This social dichotomy in infection patterns in elephants may be related to habitat use and ranging patterns, which drive the exposure and transmission of parasites such as helminths. In elephants, the ranging patterns of the female-led (matriarch) family groups are predictable as they often remain within reach of water, and long-distance movement is avoided due to the presence of juveniles. Solitary males or bachelor groups, on the other hand, have no such constraints and range over greater distances \[[@CR19]--[@CR22]\]. Moreover, infectious helminth propagules build up in frequently used habitats, hence family social groups suffer a higher risk of infection \[[@CR41]\]. The influence of sociality on egg burden or egg shedding could also be attributed to the sex composition of the group, especially if the effects of male-biased parasitism are taken into account. However, we did not find any significant difference in egg burden between male and female individuals in the family social groups.

Although the influence of social structure on egg burden has been observed in other elephant populations, the egg burden detected by our study was much lower. We detected a mean egg burden of 172 in female groups and 89 in male groups, figures that are much lower than in elephant populations in the Okavango Delta, Botswana, where female groups had a mean egg burden of 1116 and males 529 \[[@CR3]\]. A study of male elephants in Etosha National Park in Namibia revealed that in one year, the average strongylid egg burden varied between 1409--2204 in two different years \[[@CR42]\]. In addition, previous studies on Rhodesian elephants have recorded much higher mean egg burden reaching 2072 with a range of 512--4382 \[[@CR5]\]. Faecal egg counts or egg burden are often used to assess parasite burdens but have inherent pitfalls as they are subject to numerous variables that confound cause-effect relationships \[[@CR43]\]. The few studies that have ever correlated egg burden to worm burdens have had variable outcomes \[[@CR44]--[@CR47]\]. Therefore, we believe that care should be taken with egg burden values we recorded from elephants since they may not correspond to the total worm burdens. A previous study has reported an average of around 30,000 worms per elephant with a range of 3837--105,294 \[[@CR48]\]. The factors that influence variations in egg burden are not clear but may include factors intrinsic to these parasites including variations in the life histories of infecting worm species, the number of immature stages, worm sex imbalance and host-environmental factors \[[@CR49]\].

Our results show that NDVI, a measure of vegetation productivity, biomass and habitat structure, were variable but generally low in all four studied habitats. However, NDVI was positively correlated with egg burden. Given that NDVI is correlated with environmental variables such as rainfall, soil moisture and habitat structure \[[@CR50]--[@CR54]\], it can both directly and indirectly determine the survival and transmission of infective stages, the maturation of immature worms in hosts, and the shedding rates of eggs by definitive hosts. Moreover, since NDVI is strongly correlated to primary production and the nutritional content of forage \[[@CR55]--[@CR59]\], it can also influence the distribution and abundance of the susceptible hosts and can enhance the heterogeneity of host spatial distribution \[[@CR60]--[@CR62]\]. Evidence of increased transmission of nematodes during the rainy season has been reported in a study of African elephants \[[@CR3]\]. A study of human helminth infection also found a positive relationship between the prevalence of helminth infection and NDVI \[[@CR63]\].

Conclusions {#Sec13}
===========

Overall, our study shows that helminth infection in elephants is characterized by statistically significant inter-population variation in prevalence and egg burden. Sociality in elephants did not influence helminth prevalence but did have an influence on egg burden. Given that NDVI significantly varied between the four habitats and was positively correlated with mean egg burden it is likely that NDVI is an important driver of variation in egg burden in elephant populations.
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**Additional file 1: Table S1.** Egg measurements (in µm) of gastrointestinal nematodes and trematodes infecting African elephants (data compiled from the literature).

AIC

:   Akaikeʼs information criterion

ANP

:   Amboseli National Park

epg

:   eggs per gram

GLM

:   generalized linear model

GMM

:   Gaussian finite mixture model

LSE

:   Laikipia-Samburu ecosystem

MMNR

:   Maasai Mara National Reserve

OTU

:   operational taxonomic unit

TENP

:   Tsavo East National Park

NDVI

:   normalized difference vegetation index
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